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(57) Improved expanded graphite fluid flow field 
plates comprise an expanded graphite material having 
a desired area weight, abbreviated as A and typically 
expressed in units of g/cm 2 . The methods for making 
the plates comprise forming at least one flow channel 



and at least one landing associated therewith in at least 
one major surface of the sheet, such that the web thick- 
ness of the plate is greater than A/(1 .8 g/cm 3 ). 
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EP 1 184 923 A2 

Description , 
Field f the Invention 



Sr! 1 L,IJ e Th eSent inv f " ti0 "; elat f s t0 im P rove ° expanded graphite fluid flow field plates and methods for making 

n»I P I T ■ ™" preS , ent " Uld f ' 0W ,ie,d P ' a,eS are Suitable ,or use in electrochemical cells, such as fuel cells and 
particularly in solid polymer electrolyte fuel cells. 



Background of the invention 



K? Th« k 5 emP ' 0y 3 S0 " d P ° ,ymer e,ec,roly,e ' otherwise re,erred t0 as an 'en exchange mem- 
Spa-I wh , ? '* tyP'callyinterposed between twoelectrode layers, forming a membrane electrode assembly 
MEA . While the membrane is typically selectively proton conductive, the membrane also acts as a barrier Sing 
the fue and px.dant streams from each other .on opposite sides of the MEA. The MEA is typically disposed' between 
EffSL m w f "T^^ ^ P ' a,eS 301 38 c ^ sectors and provide support for t££SS 
, oS' ^ t™ V h tyP ' C f y T PreSSed ,0 enSUr6 6ffeCtive eleC,rical be,wee " the P'etes and the elec- 

ESSn^J ^ Sea " n9 betWee " ,Ue ' Ce " com P° nents - P'urality of fuel cell assemblies may be com- 

Sce! P3ra ? L° ,0rm t ,Uel Ce " ^ 3 ,Uel Ce " Stack '' a p,a,e mav be shared between two adjacent 

C f' P ' ateakn ° Wn 38 ,luid ,,ow ,ie,d P ,ates have open^aced channels formed in one or both opposing 
Till? f ° r T 9 reaC,an,S and/ ° r C0Olan, ,luids - The ^en-faced channels also provide passages for the 

iZ Z L^T r CtS ' TT^ ™ StreamS ' and/ ° r hea,ed C00,ant streams ' For an "'-stration of a fluid 
flow field plate, see for example, U.S. Patent No. 4,988,583 issued January 29, 1991. which is incorporated herein by 
reference ,n its entirety. Where the major surface of a f.uid flow field plate faces an MEA, the ef faced channels 
typically direct a reactant across substantially all of the electrochemically active area of the adjacent MEA Where the 
major surface of a fluid flow field plate faces another fluid flow field plate, the channels formed by theii cooped ng 
surfaces may be used for carrying coolant for controlling the temperature oflthe fuel cell 

LTtl <5 ?I^ ti , 0na, H me 1 ,h . 0dS 4 0, ,abriCa,in9 ,,Uid f ' 0W ' ie,d plates involve ,he en 9 ra ™9 or milli "9 of flow channels 
into the surface of rigid plates formed of graphitized carbon-resin composites. These methods oHabrication place 
sign.f.cant restrictions on the minimum achievable cell thickness due to the machining process, plate pmSSi and 

Tte l^ZTr P T S - ITU SUCh P,at6S are eXpenSi ^ b °? h in raw ma,e5al coste a " d in machining cosS 

ZSISSJ^^ 6 " ke Int0 the 9raphite p,ate surfaces causes si9ni,icant too1 wear and invoivas 

™t^L. t ^ rnati X e '^ f « id f ' 0W fie ' d P ' ateS Can be made f rom an electrically conductSve, substantially fluid impermeable 
matenal that is sufficiently compressible or moldable so as to permit embossing. Expanded graphite sheet is generally 

k h 8 ' r d3nt ' and C00lan, f ' Uid Streams ,rom each 0,he * il is a,so compressible and embossing 
processes may be used to form channels in one or both major surfaces 

[0006] Embossing expanded graphite sheet can be problematic, however. The expanded graphite sheet material 

sh°l ofrtf T f tial t I hiCkn6SS and d6nSity l ° P6rmit Channe,s 10 be embossed in *• • he'et and to S the 
SfSL T , T S ; L ° Wer d6nSity ma,erial tendS t0 Mechanical strength and may not adequately retain 
the shape and/or strength of embossed features. "Huo«iy reiam 

l^rl^T' it | iS t imPOr1 ?. n, t0 aVOid over - com P re ssing the expanded graphite material, which can cause fractures 
f^Z n Pla,e * resu,t ' ng loss of s,ruc,ural in,e 9 rit V and incre ased permeability of the plate 

Sulk T*Tt IT 3 " 5 ' 8mb0 f S6d 6XPanded 9raphi,e Sheet havin 9 a s P ecif ie d average density or spec- 

ified bulk densrty at a specified pressure to form fluid flow field plates. In some instances, the bulk density of the final 

EE"d££m^ ' n r era1, SU< ; h c methods are ,ess «nan desirable for making such p.a«es tZJ£££ 

SSSiSTi h Ure T ? th ! mate " al - EXpand6d 9raphi,e Sheet is ,ormed ,rom ex P ande <J graphite particles com- 

IZTnll i « f C ° mPriSeS aN9ned 6Xpanded 9raphite particles and cons, « uent la yers of carbon 
atoms parallel to the surface of the sheet. It is not a flowable material in the normal sense. As a result the densiW 

For^mnL tK T- T * * *• amount oi local impression of the sheet by The die 

For example, the material corresponding to the raised portions of the plate will be compressed to a lesser extent than 

the IE?™' 3nd Wi " t6nd ,0 haV6 3 '° Wer densi, y as a resu,t - De P endi "9 on the geornet^ o 

SrX»°T !h " eXPanded 9raphite Sh6et ° f 3 Specified bulk densitv mav resu " in a low field plate laclg 
Z f owlSI h S ° me t re9,0nS - °' ,hat is over-compressed in some regions, or both. Similarly, the bu'.k dens^y of 
the flow field plate does not necessanly provide a reliable measure of its suitability. 

[0008] It would be desirable to have a method for making fluid flow field plates by embossing graphite sheet materials 
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that ensures an appropriate selection of sheet materials and design geometry in order to produce plates having ade- 
quate strength, flexibility and impermeability, as well as ensuring adequate imaging of embossed features thereon. 

Summary of the Invention 

5 ..." 

[0009] A method is provided for making a fluid flow field plate comprising at least one expanded graphite sheet having 
an area weight, abbreviated as A and typically expressed in units of g/cm 2 . The method comprises forming at least 
one flow channel and at least one landing associated therewith in at least one major surface of the sheet, such that , 
the web thickness of the plate is greater than A/(1 .8 g/cm 3 ), preferably greater than A/(1 .6 g/cm 3 ). In other words, by 

10 dividing the area weight by a predetermined value, one finds the minimum web thickness. 

[0010] In addition, the method may further comprise selecting the ratio of channel depth to channel width for the 
channel(s) (or any of them) to be less than 1 . The draft angle of the channel(s) may be any suitable angle; preferably 
the draft angle is at least 7 degrees, and more preferably between about 7 degrees and about 15 degrees. 
The method ftiay also further comprise selecting the ratio of channel depth to landing width for the plate. This ratio 

15 may be selected based in part on the area weight of the expanded graphite sheet. In one embodiment, A is about 0.2 
g/cm 2 and the ratio of the channel depth to landing width of said plate is less than or equal to 3. In another embodiment 
of the present method, A is between about 0.06 g/cm 2 and about 0. 1 g/cm 2 and the ratio of the channel depth to landing 
width of the plate is less than or equal to 1.2. In yet another embodiment, A is about 0.07 g/cm 2 and the ratio of the 
channel depth to landing width of the plate is less than or equal to 1 . In still another embodiment of the present method, 

20 A is about 0.07 g/cm 2 and the ratio of the channel depth to landing width of the plate is less than or equal to 0.75. In 
yet another embodiment, A is about 0.07 g/cm 2 and the ratio of the channel depth to landing width of the plate is less 
than or equal to 0.5. 

[001 1] According to the present method, flow channels and at least one landing associated therewith may be formed 
in both major surfaces of the sheet. The dimensions of the flow channel(s) on each major surface of the plate may be 
25 the same or different, and the dimensions of the landing(s) on each major surface of the plate may independently be 
the same or different, as well. 

[001 2] The present method as described above may also be employed using plates comprising a plurality of expand- 
ed graphite sheets having an aggregate area weight, abbreviated as Ag um and typically expressed in units of g/cm 2 , 
by forming at least one flow channel and at least one landing associated therewith in at least one major surface of the 

30 laminate plate, wherein the web thickness of the plate is greater than" A^^O .8 g/cm 3 ). 

[0013] In the present method, the flow channel(s) may be formed by embossing the sheet, and the embossing may 
optionally be performed in an embossing environment at a pressure less than atmospheric pressure. 
[0014] The method may further comprise impregnating the plate with an impregnant, after forming the flow channel 
(s). The impregnant is preferably stable, curable and capable of substantially filling the voids in the plate. Suitable 

35 impregnants include resins, such as phenols, epoxies, melamines, furans, and methacrylates, for example. 
[0015] Fluid flow field plates made according to any of the methods described herein are also provided. 

i 

Brief Description of the Drawings 
40 [0016] 

FIG. 1 is a schematic illustration of a cross-section of a portion of a fluid flow field plate according to the present 
method. 

FIG. 2 is a schematic illustration of a cross-section of a portion of another fluid flow field plate according to the 
45 present method. 

Detailed Description of Preferred Embodiment(s) 

[0017] Expanded graphite has been used to make fluid flow field plates for fuel cells and for solid polymer electrolyte 
so fuel cells in particular. Expanded graphite sheets, such as are available from Graftech Inc. (Danbury, Connecticut) 
under the trade designation "GRAFOIL", are available in various bulk densities and thicknesses. Prior approaches to 
making flow field plates typically employ embossing expanded graphite sheets of a specified bulk density at a specified 
pressure, or forming embossed plates having a specified bulk density. Such approaches are generally inadequate for 
avoiding over-compressing the plate or producing plates with structurally weak, low-density regions. The reason for 
55 this is that expanded graphite is not a flowable material in the conventional sense and upon embossing the cross- 
sectional density of the plate may vary with the amount of compression imposed by the embossing die. Thus, depending 
on the geometry of the embossed features in the plate, an expanded graphite sheet that appeared to have a suitable 
thickness and/or bulk density may produce landings that are not suitably dense and therefore structurally weak, dense 
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regions near the channels containing fractures or cracks due to over-comnre^inn nr hnth a imt i^ 

SET? h r a speci,ied bulk density and yet sti " have such -SS^^SIJ^ embossed 

IbbrL "h H 6 PreSem P ' a,e manu,acturi "9 ™' h ° d - expanded graphite sheet is characZeXTri area weioht 
S3? 38 " ^ thS maSS ° f 6Xpanded 9 ra P hi «e Per unit area of •» A^S^ISR 

T™L 7 eSSe 1' T**? ^ • ° f C ° Ure ' the material can a,so be characterized by a bu k SUTdShffj 
l^lTofth 9 T?° ^ V ° ,Ume ° f th6 Sheetl ° r by Sheet thickness - and ^e Y se SSJSST 

Lit J 68 ' 9 " " mits for embossed flow «eld plates made from expanded graphite sheet ' 
[0019] According to the present method, embossed flow field plates may be made from expanded oraohite sheet of 
any appropnately ^selected thickness and bulk density.and flow channels of any m^SZZ£ZS£t^ 
may be embossed therein, provided the design limit guidelines described herein are fcSSdWi^llSS 
the design parameters discussed in the present method illustrate 

222 »If We " kn ° Wn ,h3t mechanical stren 9th and impermeability of expanded graphite sheet for example In- 

sheet may be suitably strong and impermeable, but may not compress enough to form , flow field channete of 
dimensions, for example, or may be over-compressed during embossing. As anotheTexTmple JZJ£^2S2 
perm the formation of deeper channels, but the landings may .ack statural SSS^ J^SSS^ 

™ Z Z 9 h , P r , d CaUSm9 ,raCtUreS and cracks therein - ,he '"ventors have determined that the density of anv 



55 



t>A/(1.8g/cm 3 ) 



St TZ I V"? 3 C T. neSS ' n * hiS manner ,he web densitv * ,he densft y of »» thinnest portion of the plate) should 
£L; J f • The ValUS ° f A may be taken at ,he "PP er limit °< the specification for °he expanded 'mrtta 
£ Hi'": f CaSe , t ,6ndS 10 d6,ine the ,imit Sta,e ,0r web ,hickness of suitable plate dJjTZSS^TSS 



CD/CW = a, and a < 1 in some embodiments. 
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Table 1 
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25 



Example 


Area W ight (g/ 
cm 2 ) 


Channel Depth, CD 
(mm) 


Channel Width, CW 
(mm) 


Aspect Ratio (CD/ 
CW) 

WW/ 


1 


0.20 


0.60 


1.4 


0.43 


2 


0.30 


0.8 


0.38' 


J 3 


0.15 


0.7 


0.21 


4 


0.05 


0.4 


0.13 


5 


0.10 


0.60 


1.2 


0.50 


6 


0.30 


0.8 


0.38 


7 


0.15 


0.6 


0.25 


8 


0.05 


0.4 


0.13 


9 


0.08 


0.60 


1.0 


0.60 


10 


0.60 


1.2 


0.50 


11 


0.30 


0.8 


0.38 


12 


0.15 


0.7 


0.21 


13 


0.05 


0.4 


0.13 


14 


0.06 


0.60 


1.0 


0.60 


15 


0.30 


0.8 


0.38 


16 


0.05 


0.55 


0.27 


17 


0.05 


0.4 


0.13 



30 

[0025] In embossing expanded graphite sheet some draft angle (as illustrated in FIGs. 1 and 2) is preferred to allow 
the embossing tool to adequately separate from the plate after forming. In yet another embodiment of the present plate 
and manufacturing method, in addition to the foregoing web thickness limitation the draft angle is at least 7 degrees. 
' Preferably, the draft angle is between 7 degrees and about 1 5 degrees. The draft angle may be greater than 1 5 degrees, 
35 if desired, however. In addition to the draft angle, it is important to allow for some surface roughness of the embossing 
tool, as expanded graphite sheet tends to stick to smooth dies. Surface roughness tends to prevent the tool from locking 
onto the formed plate. 

[0026] The aspect ratio of the landing determines, in part, how well it forms and how strong it is. In yet another 
embodiment of the present piate and manufacturing method, in addition to the foregoing web thickness limitation, the 
40 aspect ratio of the landing(s), defined as the ratio of the channel depth (CD) to landing width (LW), is less than the p 
value for the expanded graphite sheet. In other words, 



CD/LW < p 

45 

[0027] Table 2 lists channel depth, landing width and p values. The p values were empirically determined for expanded 
graphite sheets of various area weights. The p value arises in part from the grade of expanded graphite sheet and is 
believed to be related to the size of the constituent expanded graphite particles. The p value may be also affected by 
the initial density of the expanded graphite sheet and the density and degree of "skin" formed on it as a result of 
so calendaring during the manufacturing process. The exact relationship between the p value and the foregoing charac- 
teristics is not fully understood. In general, however, the following relationships apply: 

(a) the lower the area weight of the expanded graphite sheet, the lower the value of the p limit; 

(b) the lower the initial density of the sheet, the higher the value of the p limit; and 
55 (c) the thinner the "skin", the higher the value of the p limit. 

For example, in Table 2 the expanded sheets having an area weight of 0.07 g/cm 2 (Examples 21 -23) each have different 
values for p. The lower value of p in Example 21 is likely due to the higher initial density of the sheet material compared 



5 



EP 1 184 923 A2 

^rris,KiXp™r P rr ,or ^ 22 - 23 * ■* - » - — * ~* 



Exampl 




Initial Density (g/cm 3 ) 


Partjcl Size(m sh) 


Limit p 


18 , 


0.20 


0.64 • 


50 


0 
0 


19 


0.10 


0.21 


50 


1.2 


20 


v 0.08 


0.17 


50 


1.5 


21 


0.07 


0.20 


. 50 


0.5 


22 


0.07 


0.10 


80 


0.75 


23 


0.07 


0.10 


<80 


1.0 


24 


0.06 


0.19 


50 


1.2 



Claims 
1 



2. The method of claim 1 wherein said web thickness of said plate is greater than A/(1 -6 g/crrP). 

3 ' thanT °' C ' aim 1 Wh6rein ra,i ° °' Channe ' d6pth ,0 Channel M for — ^ least one flow channel is 

5. Th method of claim 1 wherein the draft angle of said at least one flow channel is at least 7 degrees. 
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6. The method of claim 1 wherein the draft angle of said at. least one flow channel is between 7 degrees and '15 
degrees. 

7. The method of claim 1 wherein the draft angle of said at least one flow channel is at least 15 degrees. 
5 \ ' , 

8. The method of claim 1 wherein said at least one flow channel is a plurality of flow channels, and wherein the draft 
angle for each channel is at least 7 degrees. 

9. The method of claim 1 wherein said at least one flow channel is a plurality of flow channels, and wherein the draft 
10 angle for each channel is between 7 degrees and 15 degrees. 

10. The method of claim 1 whereih said at least one flow channel is a plurality of flow channels, and wherein the draft 
angle for each channel is at least 15 degrees. 

15 11. The method of claim 1 wherein said at least one flow channel is formed by embossing said sheet. 

12. The method of claim 11 wherein said sheet is embossed in an embossing environment at a pressure less than 
atmospheric pressure. 

20 13. The method of claim 1 further comprising impregnating said plate with an impregnant, after forming said at least 
one flow channel. 

14. The method of claim 13 wherein said impregnant is a resin. 

25 15. The method of claim 14 wherein said resin is selected from phenols, epoxies, melamines, furans, and methacr- 
ylates. 

\ 

16. The method of claim 1 wherein A is about 0.2 g/cm 2 and the ratio of the channel depth to landing width qf said 
plate is less than or equal to 3. 

30 

17. The method of claim 1 wherein A is between about 0.06 g/cm 2 and about 0.1 g/cm 2 and the ratio of the channel 
depth to landing width of said plate is less than or equal to 1 .2. ' 

18. The method of claim 1 wherein A is about 0.07 g/cm 2 and the ratio of the channel depth to landing width of said 
35 plate is less than or equal to 1 . 

19. The method of claim 1 wherein A is about 0.07 g/cm 2 and the ratio of the channel depth to landing width of said 
plate is less than or equal to 0.75. 

40 20. The method of claim 1 wherein A is about 0.07 g/cm 2 and the ratio of the channel depth to landing width of said 
plate is less than or equal to 0.5. 

21. The method of claim 1 comprising forming at least one flow channel and at least one landing associated therewith 
in both major surfaces of said sheet. 

45 

22. The method of claim 21 wherein the dimensions of said at least one flow channel in one of said major surfaces 
are different from the dimensions of said at least one flow channel in the other of said major surfaces. 

23. The method of claim 21 wherein the dimensions of said at least one landing in one of said major surfaces is different 
50 from the dimensions of said at least one landing in the other of said major surfaces. 

24. The method of claim 1 wherein said plate comprises a plurality of expanded graphite sheets having an aggregate 
area weight, abbreviated as A sum , said method comprising forming at least one flow channel and at least one 
landing associated therewith in at least one major surface of said plate, wherein the web thickness of said plate 

55 js greater than A sum /(1 .8 g/cm 3 ). 

25. The method of claim 24 comprising forming at least one flow channel and at least one landing associated therewith 
in both major surfaces of said plate. 
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28. A fluid flow field plate made according to the method of any one of claims 1 -27. 
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